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ABSTRACT  
   
The work described in the thesis involves the synthesis of a molecular 
triad which is designed to undergo proton coupled electron transfer (PCET) upon 
irradiation with light. Photoinduced PCET is an important process that many 
organisms use and the elucidation of its mechanism will allow further 
understanding of this process and its potential applications.  The target compound 
designed for PCET studies consists of a porphyrin chromophore (also a primary 
electron donor), covalently linked to a phenol-imidazole (secondary electron 
donor), and a C60 (primary electron acceptor). The phenol-imidazole moiety of 
this system is modeled after the TyrZ His-190 residues in the reaction center of 
Photosystem II (PS II). These residues participate in an intermolecular H-bond 
between the phenol side chain of TyrZ and the imidazole side chain of His-190. 
The phenol side chain of TyrZ is the electron transfer mediator between the 
oxygen evolving complex (OEC) and P680 (primary electron donor) in PSII. 
During electron transfer from TyrZ to P680•+, the phenolic proton of TyrZ becomes 
highly acidic (pKa~-2) and the hydrogen is preferentially transferred to the 
relatively basic imidazole of His-190 through a pre-existing hydrogen bond. This 
PCET process avoids a charged intermediate, on TyrZ, and results in a neutral 
phenolic radical (TyrZ•).  The current research consists of building a molecular 
triad, which can mimic the photoinduced PCET process of PSII.  The following, 
documents the synthetic progress in the synthesis of a molecular triad designed to 
investigate the mechanism of PCET as well as gain further insight on how this 
process can be applied in artificial photosynthetic devices.     
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1.  INTRODUCTION 
1.1.  Introduction to Biological PCET.  The study of proton coupled 
electron transfer (PCET) and photoinduced electron transfer has recently gained 
much interest in many areas of science.  This blooming area of science is driven 
by the idea that an energy source alternative to fossil fuels must be found in an 
attempt to offset any potential energy crisis that could be caused by a lack of, or 
an over use of fossil fuels.  Photosynthesis has evolved to perform energy, 
electron, and proton transfer processes.1  Mimicking photosynthesis allows one to 
investigate the physical and electrical properties associated with solar fueled 
processes.  This mimicry also allows elucidation of the key processes linked to 
solar energy conversion which will facilitate the design of more efficient solar 
energy harvesting and conversion devices.2       
 In natural photosynthesis, light-harvesting antenna molecules transfer 
excitation energy to the reaction center (photosystem II, PSII) where a sequence 
of spontaneous electron and proton transfer reactions take place along free energy 
gradients and results in a charge separated state which oxidizes water.1  
Photosynthesis is fueled by electrons from the oxidation of H2O at the oxygen 
evolving complex (OEC).  The flow of electrons in photosystem II are as such: 
(1) a photon is absorbed by a light harvesting antenna which sensitizes the 
primary chromophore (P680) to its singlet excited state (S1) (2) After excitation of 
P680, P680* transfers an electron to pheophytin D1 (PheoD1), the primary electron 
acceptor (3).  Next, a secondary electron transfer occurs from PheoD1•- to an 
intermediate electron acceptor, benzoquinone (QA) (4).  Finally, a final electron 
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transfer from reduced quinone (QA•-) to the final electron acceptor (QB), occurs.  
This results in a charge separated state between P680•+ and QB•-.3  P680•+ then 
oxidizes a tyrosine residue (TryZ), which resides between the OEC and P680.  
Upon oxidation of TyrZ, its phenolic proton is donated to a nearby Histidine 
residue (His190) creating a neutral radical TyrZ•, thus avoiding an energetically 
unfavorable charged species upon oxidation.  This proton transfer is coupled to 
the oxidation of TryZ and is referred to as proton coupled electron transfer 
(PCET).  After reduction of the P680•+, the TryZ• moiety oxidizes the manganese 
cluster creating one oxidizing equivalent in the OEC.  Upon oxidation of the 
OEC, the TryZ•- residue regains its phenolic proton back from the His-190 residue 
via PCET to conserve its neutral character.3  PSII undergoes the process described 
above four times which creates four oxidizing equivalents in the OCE and 
eventually oxidizes water into dioxygen Equation 1.1 
2H2O + 4hν  →  Ο2 + 4e- + 4H+              (1)
 There are many different types of PCET in biology.  However, the 
mimicry of the PCET associated with PSII seems to be one key process not 
sufficiently explored in photosynthetic mimicry.  The OEC and TyrZ invoke 
interest for their PCET processes due to their unprecedented participation in the 
thermodynamic control of the photosynthetic process.  The oxygen evolving 
complex (OEC) is a powerful catalyst and allows H2O to be oxidized at its 
thermodynamic limit (+0.82V vs. NHE at pH ~7).4  X-ray analysis of the OEC 
has provided important structural information5, however, determining the 
catalytically active configuration(s) of the OEC is a very active area of research 
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and once resolved will provide further information on the mechanism of its water 
oxidation.5  During the catalytic cycle of the OEC the protein scaffold which 
surrounds the OEC eliminates charge build up by undergoing PCET with the 
surrounding protein scaffold.  This PCET between the OEC and the protein 
matrix eliminates charge buildup and allows the manganese cluster to retain a 
relatively narrow redox window during its catalytic cycle.3  It is intuitive that as 
one increases the cationic character of a moiety, the more energy it will take to 
remove an electron.  If the OEC were to build up positive charge during its 
catalytic cycle, each additional charge would decrease the driving force for 
electron transfer from the OEC to TyrZ, eventually making the process of electron 
transfer thermodynamically impossible.  The OEC avoids this problem by 
utilizing PCET.  
 The main focus of this thesis is associated with the PCET of the TyrZ 
residue in PSII.  TyrZ mediates electron transfer between the OEC and P680.  The 
TyrZ residue contains a phenolic side chain which acts as an electron acceptor and 
donor during electron mediation between the manganese cluster and P680•+.3  A 
phenolic side chain would typically be considered a bad mediator for electron 
transfer due to its irreversible oxidation properties.  These poor redox properties 
are caused by the loss of the phenolic proton to the solvent upon oxidation which 
results in a highly reactive phenoxyl radical which undergoes side reactions such 
as dimerization with other phenoxyl radicals.6  However, in PSII a pre-existing H-
bond between TyrZ and His-190 keeps the phenolic proton in close proximity and 
allows TyrZ to have reversible oxidation properties.  This hydrogen bond between 
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TyrZ and His-190 has also been proposed to fine tune its redox properties to 
accommodate the oxidation of the OEC and reduction of P680•+.3  A phenol, such 
as 2,4,6-tri-tert-butylphenol, has an irreversible oxidation of ~1.4 V versus SCE, 
however, due to the preexisting H-bond to the nearby basic His-190 residue in 
PSII, the  phenolic side chain of TyrZ•/TyrZ has a reversible oxidation of ~0.8 to 
1.0V versus SCE.7  The nearby basic His-190 residue allows for reversible 
oxidation of TyrZ and also causes a shift in the redox couple for its phenolic side 
chain.  PCET lowers the activation energy for oxidation by the avoidance of a 
high energy charged intermediate (TyrZ•+) during electron transfer.  
  These electron transfer processes are what make all life possible and are 
responsible for much of the energy we use today.  Artificially mimicking these 
natural systems will provide insight that is potentially useful for the production of 
fuel using solar energy.  There is much to be discovered from the study of 
photosynthesis and photosynthetic mimicry.  An example of a potential goal is a 
fuel cell which produces O2 and H+ from the oxidation of water, and the 
subsequent reduction of H+ into H2 both using the power of the sun and water as 
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2.  ARTIFICIAL PHOTOSYNTHESIS 
2.1.  Introduction to Artificial Photosynthesis.  Artificial photosynthesis 
is presently a subject of much research interest and strives to mimic the energy, 
electron, and proton transfer processes that occur in natural photosynthesis.2  This 
can be accomplished by synthetically preparing molecules which are intended to 
undergo light induced charge separation Figure 1.  Learning how these processes 
work at a molecular level will allow scientists to create more efficient solar 
energy devices such as solar cells. The use of supermolecules, such as Figure 1, 
for the study of charge and proton transfer is advantageous because all moieties 
making up the molecule are held within a relatively fixed orientation and    
proximity to one another. This eliminates the uncertainty associated with  
                                                                                                                                      
Figure 1.  An example of a triad which was designed to undergo photoinduced 
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photon by the chromophore, 2nd electron transfer from the excited state of the 
chromophore to the electron acceptor, and 3rd electron transfer from the phenol to 
the cationic chromophore and the simultaneous proton transfer from the phenol to 
the imidazole. 
 
diffusion controlled experiments and allows one to better simulate the 
chromophores within PSII which are held at fixed distances and orientations by 
the D1 and D2 protein matrix.3  A supermolecule, Figure 1, is a compound 
composed of different moieties which are covalently attached.9  Supermolecules 
can be designed where each moiety  retains its original light absorbing and redox 
properties after its incorporation into the overall structure.10  The discontinuous 
electronic system throughout a supermolecule (i.e. broken conjugation between 
moieties), allows one to view each moiety as a discrete component, each having 
its own unique conjugated system and molecular orbitals (MO).  The lack of 
conjugation between each pi system allows one to view the molecular orbitals 
describing them as being independent of one another.  For example, when doing 
MO calculations for the triad in Figure 1, one would calculate the HOMO of each 
moiety separately, labeled A, Chr, and D, as if it were not covalently attached 
Figure 2. The MO’s of the moieties represented in Figure 2 can be thought of as 
each describing a specific part of the supermolecule as opposed to a 
representation of the entire molecule.  This concept is paramount in understanding 
how a supermolecule works. 
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Figure 2.  From left to right: A the electron acceptor, Chr the chromophore and 
primary electron donor, and D the electron donor.  This depiction breaks the triad 
up into the separate frameworks which can be viewed as having their own set of 












A Chr D 
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3.  ELECTRON TRANSFER 
3.1.  Electronic Coupling in Electron Transfer.  The partial overlap 
between the MO’s of each moiety in Figure 2 can be viewed as electronic 
coupling; the higher the amount of overlap, the better the electronic coupling and 
communication.11  However, as the electronic coupling grows, this increased 
electronic communication amplifies the potential for the different moieties to 
affect each others electronic properties.  This leads to the compound functioning 
as an entire species rather than a supermolecule with independent, covalently 
attached moieties.  Each component of the supermolecule above, Figure 2, has its 
own purpose in creating a light induced charge separated state.  Figure 2 shows a 
supermolecule composed of a Chromophore and primary electron donor 
(Porphyrin), secondary electron Donor (Phenol), and a primary electron Acceptor 
(C60).  All three moieties in Figure 2, when covalently attached, are closely 
associated with one another, yet still retain their individual ground state and 
excited state electronic properties.  The type of electronic coupling between the 
moieties in a supermolecule that allows or prevents a moiety from retaining its 
individual ground state properties can be thought of as ground state electronic 
coupling.  It can be viewed in a simplified way as the electronic coupling between 
the HOMO’s of the different moieties in a supermolecule.  Obtaining the proper 
amount of ground state electronic coupling among moieties in a supermolecule 
can be achieved in many ways.  The continuity of the electronic system between 
the different moieties in a supermolecule can be interrupted, for instance, by a 
bridge (B), which can slightly decrease the amount of MO overlap between the 
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different components.  For example, B could disrupt conjugation between Donor-
B-Acceptor with an alkyl chain, or in the specific case of Figure 1, a decrease in 
the amount of conjugation between the porphyrin and C60 due to the phenyl group 
and pyrrolidine ring.12  Sterics between the phenyl hydrogens and the porphyrin β 
hydrogens offset the phenyl bridge with respect to the porphyrin plane by 
approximately 30o, partially decreasing pi overlap.  In a supermolecule, a proper 
amount of ground state electronic coupling is necessary to create moieties which 
can be viewed as having their own individual MO’s as if they were not covalently 
bound yet still be closely associated with one another.  As in Figure 1 the phenyl 
bridge not only decreases conjugation but also introduces distance between the 
moieties it is bridging; this distance decreases the ground state electronic coupling 
between the porphyrin and C60 by separating their pi systems.  Electronic coupling 
decreases at an exponential rate as the distance between two moieties in a 
supermolecule increases; this is because the wave functions describing the 
individual MOs decay exponentially.9  Choosing the appropriate bridge type and 
length is a common way to manipulate the MO interactions between the moieties 
of a supermolecule to allow for retention of the desired electronic interaction.     
The ground state electronic coupling between moieties gives a 
supermolecule its ground state properties.  However, when focusing on electron 
transfer, the overlap between frontier orbitals and excited state MO’s are to be 
considered.  HOMOs, LUMOs and the singlet excited state (S1) are the typical 
MO’s and states which participate in electron transfer, and the overlap between 
them can be thought of as electron transfer electronic coupling.11  For example, in 
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Figure 1 electron transfer can occur from the S1 excited state of Por* to the 
LUMO of C60.  The overlap between the MOs, through which the electron travels 
during electron transfer, is responsible for the efficiency and rate of electron 
transfer.  The same concepts used in making qualitative predictions of the ground 
state electronic coupling in a supermolecule also apply in predicting the electron 
transfer electronic coupling.  Conjugation, orientation between moieties, bridge 
type and distance between moieties are factors which affect the electron transfer 
electronic coupling.  As with the ground state electronic system, the electronic 
system involved with electron transfer must have a proper balance of electronic 
coupling to efficiently result in a charge separated state.13  In Figure 1, the 
appropriate wavelength of light promotes Por to its S1 excited state.  From this 
excited state, an electron travels from the high energy S1 state of Por* to the lower 
energy LUMO of C60 creating a Por•+ cation and a C60•- anion.12   
3.2. Kinetics in Electron Transfer.  Absorption, fluorescence, thermal 
relaxation, and electron transfer are all processes that take a finite amount of time, 
with times ranging from nanosecond electron transfers to femtosecond absorption 
times.13,14  Once Por, Figure 1, is in the excited state, electron transfer electronic 
coupling must permit a rate for the formation of a charge separated state which is 
faster than the rates of the other possible deactivation pathways, such as 
fluorescence and thermal relaxation.  For example, a molecule similar to that of 
Figure 1 but having a biphenyl bridge between the Por and C60, could result in an 
insufficient amount of electronic coupling between the S1 excited state of Por* 
and the LUMO of C60.  This bridge would cause a decrease in coupling and could 
  11 
result in electron transfer being slower than the rate of thermal relaxation or 
fluorescence.  However, with a proper bridge, as in Figure 1, and sufficient 
electron transfer electronic coupling between Por and C60, the rate of electron 
transfer could be a faster process than the possible deactivation pathways.   
As stated above, the same factors such as distance, orientation, bridge type 
and conjugation that affect the ground state electronic coupling also affect the 
electron transfer electronic coupling.  Therefore, when a system is highly coupled 
there is a possibility that other combinations of orbitals will couple due to the 
same factors.  For example, the HOMO of Por and the HOMO of C60 could 
benefit from the same factors that give the S1 excited state MO of Por* and the 
LUMO of C60 their good coupling.  This, in fact, has been investigated and it has 
been shown that in related compounds to that of Figure 1, after excitation of C60 
electron transfer can occur from the HOMO of Por to the S0 state of C60.15  
However, having a high amount of electronic coupling between two particular 
MO’s doesn’t necessarily mean there will be similar coupling between all other 
combinations of MO’s, but is a possibility.  Figure 3 can be viewed as a generic 
Donor-Chromophore-Acceptor energy diagram that is closely associated with that 
of Figure 1.  In Figure 3, after excitation and electron transfer, there is a high 
amount of driving force for charge recombination (process d).  Recombination is 
electron transfer from a charge separated state back to the ground state; it is also 
referred to as back electron transfer.9  For example, recombination between Por•+ 
and C60•- would be electron transfer from a C60•- anionic SOMO  to a Por•+ 
cationic SOMO; where SOMO corresponds to a singly occupied molecular 
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orbital.  As can be seen in Figure 3 there is a higher thermodynamic driving force 
for charge recombination than there is for electron transfer.  Using this line of 
thought one would assume that a highly coupled system would have rates of 
electron transfer and recombination directly proportional to their thermodynamic 
driving forces.  This would ultimately lead to a rate for recombination that is 
larger than the rate for electron transfer giving inverted kinetics.  However, a high 
amount of driving force for processes such as electron transfer gives unintuitive 
results.  Marcus theory has shown that there is not a linear relationship between 
driving force and the rate of electron transfer.  At first, the rate for an electron 
transfer reaction increases as the driving force for electron transfer increases, 
however, at a certain threshold the rate becomes inverted (Marcus inverted 
region) and begins to decrease as the driving force continues to increase.13  This 
phenomenon causes the system to kinetically favor the electron transfer processes, 
such as charge separation processes c and e (Figure 3), with less driving force and 
leads to slower rates for processes, such as recombination processes d and f 
(Figure 3), with more driving force.  A system with adequate driving force, 
electronic coupling, and inverted rates for recombination will have a high 
probability to achieve a final charge separated state.  As seen in Figure 3, two fast 
electron transfer steps take place after excitation.  The second electron transfer 
spatially separates the charges which decreases their coulombic attraction to one 
another, thus increasing the lifetime of the charge separated state.16  The generic 
triad, Figure 3, exemplifies the many different pathways for charge transfer and 
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recombination.  Illustrated above, are the relative energies of the charge separated 
states as well as electron transfer (c and e) and recombination (d and f) processes. 
Figure 3.  A generic energy level diagram illustrating the different states 
occupied during photoinduced electron transfer and charge separation in an 
acceptor-chromophore-donor system.  Where a corresponds to absorption, b is 
relaxation to the ground state, c is primary electron transfer, e is secondary 
electron transfer, and d and f correspond to recombination processes.     
 
During an electron transfer event, an appropriate amount of 
thermodynamic driving force and electron transfer electronic coupling are 
necessary to efficiently produce a charge separated state.  The main points above 
A – Chr*  – D  
A.- – Chr.+ – D  










A.- – Chr – D.+  
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concerning electronic coupling and thermodynamic driving force are not the only 
factors involved in efficient electron transfer, however, supermolecules intended 
to undergo charge separation in photosynthetic mimicry are designed with these 
principles in mind.  Too much coupling can potentially cause an increased 
probability of charge recombination in supermolecules; as well as change the 
ground state properties of the highly coupled moieties (i.e. absorption and redox 
properties).   
3.3.   Thermodynamics in Electron Transfer. 
                                              
Figure 4.  Compounds synthesized to model a primary electron acceptor (A), a 
chromophore and primary electron donor (Chr), and secondary electron donor (D) 
moieties in a triad to show PCET.  These compounds will be used to model the 
absorption, fluorescence, and electrochemical properties. 
 
 
A B C 
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When designing a supermolecule which is intended for photoinduced charge 
separation a series of preliminary experiments must be performed.  These 
preliminary experiments consist of the synthesis of model compounds for 
electrochemical analysis.  Not only are the intuitive, qualitative predictions of 
electronic couplings, for electron transfer, between D and A important when 
designing a framework for a supermolecule, but the electrochemistry tells the 
other half of the story by allowing a quantitative prediction of the thermodynamic 
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Figure 5.  An energy diagram showing the reductive half reactions of the moieties 
involved in the photoinduced PCET process of the triad.  All reductive half 
reactions for each model compound are shown and their energies respective to 
one another are illustrated.  
 
compounds which would be used to obtain redox potentials for the different 
moieties in the triad, Figure 1.  Once model compounds are made, the redox 
potentials associated with them will give evidence of whether excited state 
electron transfer will be thermodynamically spontaneous, Figure 5.  From these 
model compounds, a reduction potential for C60/C60•- (acceptor, A), an oxidation 
potential for Porphyrin•+/ Porphyrin* (chromophore, B), and an oxidation 
potential for PhOH•+/ PhOH (donor, C) can be obtained. Using the values in 
Figure 5 one is able to compile an energy diagram such as Figure 3 which 
illustrates whether a photoinduced charge separated state can be 
thermodynamically spontaneous or not.  Typically, as a rule of thumb a driving 
force of at least 200mV is needed for spontaneous electron transfer.9  All 
reduction and oxidation values are obtained using cyclic voltametry.  There is no 
current experimental method to directly measure an excited state oxidation 
potential.  Therefore, this value is approximated by the potential of the ground 
state and the HOMO-LUMO gap.  As seen in the energy level diagram, Figure 6, 
the HOMO-LUMO gap of a chromophore is directly related to its absorption and 
fluorescence. In Figure 6 the electronic energy levels are denoted by the thick 
lines labeled S0 (HOMO) and S1 (LUMO), and vibrational energy levels are 
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depicted by the more closely spaced thin lines.  Where each electronic level is 
labeled Sn, (n) denoting the energy level relative to the ground state (n=0).  The 
vibrational energy levels, not labeled in Figure 6, would be labeled vn where n is 
equal to the level of energy relative to the vibrational ground state (n=0).17  The v0 
state for each vibrational energy level  
 
Figure 6.  An energy level diagram showing absorption from the S0 state to the S1 
state as well as thermal relaxation to the S1v0 state.  The second step in the 
diagram shows fluorescence from the S1v0 state to the S0 state.  A redder photon is 
emitted during fluorescence due to the Stoke shift.  
 
is isoenergetic with its respective Sn state.  When speaking of chromophores, a 
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The energy of this photon must be equal to or greater than the HOMO-LUMO gap 
of the chromophore.  In Figure 7, two different energy photons are shown being 
absorbed.  One absorption exemplifies the absorption of a photon with energy 
  
Figure 7.  A Jablonski diagram showing excitation (blue and green arrows) and 
emission (red arrow) as well as illustrating the vibrational energy level 
wavefunctions (depicted in orange) which predict the probability of the electronic 
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ground S0 state and an Snvn state will increase the probability of an electronic 
transition occurring if the proper energy photon is absorbed i.e. the blue and green 
transitions. 
 
equal to the HOMO-LUMO gap of the chromophore.  The other absorption shows 
the absorbance of a photon of higher energy than the band gap of the 
chromophore; this photon excites an electron to an S1vn (n > 0) energy level 
which then thermally relaxes to the ground S1v0 excited state.  Each of these 
absorptions are made possible by the overlap of vibrational energy levels within 
the different electronic energy levels Figure 7.  Wavefunctions describing these 
vibrational energy levels, when illustrated, are typically normalized to show the 
probability density of each wave pattern as is demonstrated in Figure 7.  The most 
likely transition to occur upon absorption of a photon is one in which two 
vibrational energy levels share a common probability density along the nuclear 
coordinate, as seen in Figure 7.  This overlap of vibrational wavefunctions gives a 
pathway along which an electron can be promoted; an electron is excited from the 
S0 ground vibrational energy level to a vibrationally dense state which shares a 
common nuclear coordinate in a higher energy level.  In conclusion, the most 
probable electronic transition(s) to occur is the absorption of a photon of energy 
equal to that of an energy gap between the S0 ground vibrational state and a 
vibrational level with sufficient overlap.  However, to find out whether the reddest 
absorbed photon accurately represents the HOMO-LUMO gap or perhaps a more 
energetic excitation, more information is needed.  After absorption, to the many 
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potential excited vibrational states, Kasha’s rule predicts that thermal relaxation 
will occur to the ground vibrational state of the S1 electronic state.  Most 
frequently, from the S1v0 electronic state is where all photochemistry occurs.  
Fluorescence, internal conversion, or intersystem crossing will happen form this 
state; however, the excited S1 state will be at a lower energy than the LUMO due 
to a Stoke shift.  After excitation, a new electronic state is formed and solvent 
molecules quickly rearrange to resolvate this new electronic state, which bring it 
to a lower, more stable energy.  Upon florescence, a similar phenomenon occurs 
when the molecule is brought back to its ground electronic state.  After 
fluorescence, the ground electronic state is now surrounded by solvent molecules 
that are set up to solvate the previous excited system, which causes the ground 
HOMO state to be higher in energy until it can be resolvated.  This phenomenon 
decreases the HOMO-LUMO gap due to solvation effects and is called a Stoke 
shift and is illustrated in Figure 6.17  This occurs due to the fact that the electronic 
transitions occurring happen faster than the nuclear motion of the solvent, and 
ultimately leads to fluorescence giving off a photon redder in energy than which 
was absorbed.  If the Stoke shift didn’t occur, then fluorescence could potentially 
give off photons of equal energy to the HOMO-LUMO gap.  However, this is not 
the case and is why absorption as well as fluorescence data are both needed to 
approximate the energy of the HOMO-LUMO gap.  Absorption spectra provide 
no immediate evidence as to if an absorbed photon corresponds to the HOMO-
LUMO energy gap or to a greater energy gap.  Fluorescence will occur from the 
S1 excited state but, as seen in Figure 6, it will be Stoke shifted.  Fluorescence can 
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also terminate at any vibrational energy level of the S0 state.  This isn’t 
necessarily always going to be the
 
v0 state.  Therefore, the energies that most 
accurately describe the HOMO-LUMO gap are going to be the reddest absorption 
peak and the bluest fluorescence peak.  By taking the intersection between the 
reddest part of the absorbance spectra and the bluest part of the fluorescence 
spectra; one can get an approximate idea for the HOMO-LUMO energy gap.  
Figure 8 provides an example of this type of approximation.  Once the wavelength 
(λ) of the intersection has been observed, the respective energy level of the 
ground S1 excited state can be approximated using Equation 2.17  
E = hc/λ                                                                                                                 (2) 
Where E is energy, h is the Plank constant, c is the speed of light in a vacuum, 
and λ is the wavelength. Now the excited state oxidation potential (ESOP) can be 
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Figure 8.  A generic absorption (blue) and fluorescence (red) spectra.  The 
intersection point of the two spectra can be used as an approximation to calculate 
the chromophores excited state redox properties using Equation 3.    
 
calculated by the free energy difference between the neutral/oxidized species and 
the energy of the excited state using Equation 3.33 
ESOP = (G0- G+)ES = (G0- G+)GS – E                                                                    (3) 
Where (G0- G+)GS is the ground state oxidation potential, (G0- G+)ES is the excited 
state oxidation potential, and E is the excitation energy calculated from Equation 
2.  Once all of the proper redox values have been obtained, Figure 5, the energy of 
the charge separated states within a supermolecule, Figure 1, can be calculated to 
estimate if charge separation is a thermodynamically favorable process.  For 
example, Chr in Figure 3 gets excited and goes to a lower energy charge separated 
state by donating an electron to A giving A•-–Chr•+–D.  An even lower energy 
charge separated state is reached when D donates an electron to Chr•+, resulting in 
the final charge separated state A•- –Chr-D•+.  The energy of each of these charge 
separated states is calculated by computing the absolute sum of the total energy 
put into the system to reach the current state.  The following equation, Equation 4, 
describes the calculation for the energy of the first charge separated state (A•-–
Chr•+–D).  For the generic triad in Figure 3, the oxidation of Chr* and the 
reduction of A gives the first charge separated state (electron transfer from Chr* 
to A).  The energy associated with the oxidation and reduction processes required 
  23 
to obtain this first charge separated state need to be lower in energy than the 
excited species for electron transfer to be spontaneous, Equation 4. 
EA•- – Chr•+ – D =  EoChr•+/Chr* + EoA/A•-                                                      (4)        
Where EoChr•+/Chr* pertains to the excited state oxidation potential of the 
chromophore, and EoA/A•- corresponds to the reduction potential of the primary 
electron acceptor.  The oxidation and reduction potentials located in Figure 5 will 
be used to give the thermodynamic driving force for each of the excited and 
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4.  PROTON COUPLED ELECTRON TRANSFER 
4.1.   Introduction to PCET.  Proton coupled electron transfer (PCET) is 
a process in which proton movement is coupled to electron transfer.18  There are 
three possible avenues that can be taken during a PCET event.  The acronym 
PCET is a general term and is used to describe different processes where proton 
transfer is coupled to electron transfer.  The following acronyms fall under the 
general label of PCET and give further insight into the mechanism taking place; 
electron donation occurring first followed by proton transfer second is referred to 
as ETPT (electron transfer proton transfer), proton transfer followed by electron 
donation is referred to as PTET (proton transfer electron transfer), and the two 
processes happening in concert is called EPT or CEPT (electron proton transfer or 
concerted electron proton transfer respectively).18  An authentic PCET reaction, 
however, is considered to have no charged intermediate as is the case in the EPT 
mechanism9, but the stepwise mechanisms, ETPT and PTET, will still be 
considered in this writing.  PCET is an energetically less demanding process than 
conventional electron transfer that is not coupled to proton transfer.  It is a more 
energetically favorable process because proton transfer eliminates the charged 
intermediate that would be left behind after regular electron transfer.18  For the 
concerted process, during electron transfer, a proton is simultaneously transferred 
from the electron donor moiety creating a neutral radical, thus avoiding a charged 
intermediate.  When an electron donating compound possesses a labile proton (a 
proton with a relatively low pKa) the proton can be given up to a nearby proton 
acceptor upon an electron transfer event.  This is the concept of PCET.  The pKa 
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of the proton donating moiety will become lower as one of its electron transfers; 
the formation of a hole as the electron moves away from the donor drives this 
reduction in pKa.  During PCET, movement of electron density away from the 
electron donating moiety forms a positive charge which can be compensated for 
by loss of a proton and the resulting product is a neutral species.  The generation 
of a neutral species and the avoidance of the charged intermediate typical of non 
proton coupled electron transfer reactions, gives PCET processes a lower 
thermodynamic barrier to overcome and make them more energetically 
favorable.18  This concept holds true for all variations of PCET.  There is no 
“one” mechanism which explains PCET, and all three processes (ETPT, PTET, 
and EPT) are possible considering the conditions.  The thermodynamic driving 
force, electronic coupling, and kinetics for the electron and proton transfers will 
depict the order in which they occur.  A few examples are as follows.  One could 
imagine that all three processes are possible given the right conditions.  For 
example, a system which has a high amount of electronic coupling and driving 
force for electron transfer but has a poor amount of vibronic coupling for proton 
transfer might undergo electron transfer first and only once a cationic charge is 
present on the proton donor moiety will it be acidic enough to undergo a poorly 
coupled proton transfer.  The opposite situation can also be true.  A proton donor 
and acceptor being in a very close proximity to one another can result in a high 
amount of vibronic coupling for proton transfer.  A high amount of coupling 
could allow for a very efficient proton transfer.  This energetically favorable 
proton transfer could then induce an otherwise energetically unfavorable electron 
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transfer.  The initial loss of a proton would create a negative charge on the 
electron donating moiety making it a better reductant; driving electron transfer to 
compensate for the negative charge that resulted after proton transfer.  And of 
course the concerted mechanism can be viewed as both the electron and proton 
working together where each infinitesimal movement of one simultaneously has 
an infinitesimal effect on the other.  For example, proton movement from donor to 
acceptor causes electron transfer to become increasingly more favorable due to 
the buildup of anionic charge.  And electron movement from donor to acceptor 
causes proton transfer to become more favorable due to the buildup of cationic 
charge.  So both processes can be viewed as affecting each other as they both 
happen in a concerted manner.  It also should be taken into account that with each 
infinitesimal movement the proton makes from its equilibrium position, it not 
only changes the redox properties of the electron donating moiety for electron 
transfer but also can affect the electronic coupling for electron transfer.  The 
movement of a nucleus (proton) is enough to perturb the nuclear configuration 
which is responsible for efficient electronic coupling during electron transfer.19  
This could potentially make a positive or negative impact on electron transfer.  
Many factors take part in a detailed, theoretical depiction of PCET, however, a 
quantitative description is beyond the scope of this thesis and PCET will be 
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4.2.   Intramolecular and Intermolecular PCET.  Intramolecular PCET 
is a proton coupled electron transfer event which occurs within a molecule where 
the electron-proton donors and acceptors are contained within the same 
supermolecule.  Intermolecular PCET is an event in which the proton transfer is 
between two separate molecules.19  Unlike intramolecular PCET, variables such 
as diffusion coefficients must be taken into account when designing 
intermolecular PCET experiments. Typically proton transfer occurs at distances 
between 1 and 3Å.20  This corresponds to a single proton transfer between two 
entities, not a proton moving over extended distances through water channels, for 
example in the Grotthuss mechanism.21  This distance requirement could become 
somewhat limiting in a diffusion controlled experiment when compared to a 
donor and acceptor which are held at a fixed distance.  An example of an 
intermolecular PCET would be that of using a basic buffer as the proton acceptor.  
This has been a common and facile way of observing PCET dynamics as well as 
discovering the effect pH has on PCET.22  Electron and proton transfers can be 
either unidirectional or bidirectional when considering PCET.  The electron and 
proton acceptors can either be the same moiety (unidirectional) or they can be 
different moieties within the supermolecule.   A unidirectional PCET event will 
consist of the electron and proton donating in the same direction where a 
bidirectional PCET event typically consists of the electron and proton transferring 
in opposite directions.19  In Nature, PSII performs bidirectional intermolecular 
PCET between different protein residues and the OEC during water oxidation.  
The D1-Tyrz residue in PSII performs PCET while reducing P680•+, the mimicry of 
  28 
this Tyrz-P680 system is the focus of this thesis.1  It should be noted that even 
though PCET in PSII is considered intermolecular, the different moieties which 
are undergoing PCET are held at fixed distances and orientations to one another 
by the D1 and D2 protein matrix which eliminates issues associated with 
diffusion.  Therefore, the best way to mimic a system which is held at a fixed 
distance and orientation is to use an intramolecular type framework which can 
undergo bidirectional PCET. 
4.3. Bidirectional and Unidirectional PCET. Bidirectional and 
unidirectional PCET are two different types of PCET in which the directions of 
the transfers taking place affect the overall outcome of the process.  Bidirectional 
PCET is where proton movement and electron movement are in different 
directions and their respective acceptors consist of different moieties.  
Unidirectional PCET happens when the proton and electron transfers are in the 
same direction and to the same acceptor.  Bidirectional PCET allows for long 
range electron transfer to be coupled to proton movement.  Due to the heavier 
mass of a proton when compared to an electron, its movement is limited to 
relatively short distances approximately 3Å.20  Electrons, however, have a much 
longer range and have the ability to transfer a much longer distance between two 
discreet moieties such as the electron transfer from TyrZ to P680•+ in PSII (10Å).1  
In unidirectional PCET the electron transfer distance is limited by the distance the 
proton can transfer since both the proton and electron are transferring to the same 
acceptor.  However, unidirectional PCET has the benefit of resulting in a neutral 
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acceptor compound caused by the charge cancelation of the transferred electron 
and proton on the same moiety.   
4.4.   Effect of Solvent pKa on PCET.  PCET is an acid base sensitive 
process.  One can imagine that as the pKa of the solvent decreases, the probability 
of proton transfer becomes smaller.  Proton transfer cannot occur if the basic 
proton acceptor site is already protonated by the acidic surroundings.  Conversely, 
a solvent with a more basic pKa will make the proton acceptor site more available 
to accept the transferring proton, however, there is a limit to how basic the solvent 
can become.  When the medium becomes extremely basic it is possible for the 
proton to be transferred to the basic solution rather than to the designated proton 
acceptor.  This is especially apparent when the pKa of the solvent exceeds the pKa 
of the proton acceptor.  These extreme pKa values that hinder proton transfer can 
result in irreversible redox properties for donors such as phenols, which are 
commonly used in PCET studies due to their applications in photosynthetic 
mimicry.  Phenols typically have irreversible redox chemistry; this is because 
oxidation of a phenol will ultimately lead to the phenolic proton being given off to 
solution to quench the positive charge that resulted from oxidation.  This proton 
transfer to solution yields a neutral phenoxyl radical which is highly reactive and 
will readily undergo side reactions, giving an irreversible signal.6  Only when a 
dedicated proton acceptor is present either within the supermolecule or solvent, 
will the electrochemistry of a phenol become reversible.  This is because the 
donated proton can be kept in close proximity to the neutral phenolic radical 
through a hydrogen bond with the dedicated proton acceptor.  This diminishes the 
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chances of the phenol to undergo side reactions, thus resulting in a reversible 
signal.    
4.5.   Effect of Distance on Proton Transfer.  Similar to electron 
transfer, the coupling of proton transfer is very distance dependent.  Vibronic 
coupling, for proton transfer, is the overlap of the vibrational wavefunctions that 
describe the proton donor bond and the proton acceptor bond, and is essential for 
proton transfer to take place.18  Both the electron and proton behave quantum 
mechanically and have quantized energy levels.  However, the more massive 
nature of the proton will have a lower probability of occupying excited vibrational 
states when compared to a donor state that is undergoing electron transfer at a 
given temperature.  This exemplifies why electrons can transfer over much larger 
distances than protons at a given temperature.  This is why at any given 
temperature a MO or excited state which is to undergo electron transfer will have 
a higher amount of vibrational wavefunction overlap with its acceptor than proton 
will have between its donor and acceptor.  A proton’s more massive nature 
requires more energy for it to have as broad an occupation of vibrational energy 
levels.  Figure 9 is an example of two generic sets of Marcus parabolas illustrating 
the relative populations of vibrationally excited states in an electron transfer 
system and a proton transfer system at the same temperature.  It is illustrated in 
Figure 9 that occupying the higher excited vibrational states can result in better 
coupling for a donor-acceptor system. Where comparing the distances for electron 
and proton transfer, there would need to be a shorter distance between the proton 
donor and acceptor for it to have similar coupling as an electron donor-acceptor 
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system at a given temperature.  The illustration below, Figure 9, shows a general 
Figure 9.  A diagram showing two sets of Marcus parabolas describing electron 
transfer and proton transfer.  The set of parabolas on the left labeled Electron 
represent an electron donor-acceptor system, and the set of parabolas on the right 
labeled Proton represent a proton donor-acceptor system.  The Boltzmann 
distribution curves illustrate the relative population of vibrational energy levels at 
a given temperature between the electron and proton parabolas.  These parabolas 
show that at any given temperature the Electron parabolas will have a higher 
probability of visiting the crossing point than the Proton parabolas at any given 
temperature.  Electronic coupling increases the probability of transfer and the 
heavier nature of the proton gives a lower probability for transfer at any given 
temperature when compared to electron transfer.  This is why for proton transfer 
to be as probable as electron transfer it must be over a shorter distance in order to 
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relationship between mass, probable occupation of vibrational states, and 
electronic coupling; all of which need to be taken into account when designing an 
artificial system.  Most artificial systems, which model efficient PCET, will have 
a typical proton transfer distance between 1 and 3 Å.20  Distances beyond this 
range will suffer from a lack of coupling between the initial and final states 
making the occupation of the point where the Marcus parabolas cross (crossing 
point) less frequent and probable.  The crossing point is where the donor and 
acceptor have the same energy.  This energetic degeneracy allows transfer from 
the donor parabola to the acceptor parabola through the overlapping vibrational 
wavefunctions.  The probability of the overlapping wavefunctions at the crossing 
point being occupied will determine the rate at which the transfer happens.     
Ultimately, decreasing proton donor and acceptor distance will make the 
probability of occupying the overlapping vibrational energy levels at the crossing 
point higher by lowering the activation energy of proton transfer.20  
4.6.   Vibronic Coupling of Proton Transfer.  The electronic coupling 
between the donor and acceptor states of a proton is described much like that of 
the coupling between the donor and acceptor states of electron transfer.  Like the 
electronic state of a MO, a harmonic oscillator is used to describe the energy 
surface of a proton bond.  A harmonic oscillator description is describing a system 
where there is a linear relationship between force and displacement.  However, 
due to the mass of the proton, a much larger force is needed to displace it when 
compared to a MO interacting with the nuclei of a supermolecule.  Proton 
transfers are typically temperature dependent and non adiabatic, meaning they 
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rely on thermal energy to access the crossing point rather than vibrational 
wavefunction overlap such as in an adiabatic system.  Temperature dependent 
proton transfer is referred to as diabatic (or non adiabatic) proton transfer and can 
be defined as when the vibronic coupling is much lower in energy than the 
thermal energy Vel << kbT.18  Due to the restricted access to excited vibronic 
states at ambient temperatures (~25oC) a diabatic proton transfer which must 
overcome an energy barrier will have a low probability of frequent occupation of 
the crossing point at ambient temperature, and will have to rely on thermal energy 
to gain access to the excited vibronic states that are isoenergetic with the crossing 
point.  However, sufficient coupling can exist which allows for adiabatic proton 
transfer. In adiabatic proton transfer, the energy surfaces of the donor and 
acceptor become one continuous surface rather than two.18  Much like adiabatic 
electron transfer, during an adiabatic proton transfer event the proton tunnels 
through the “would be” potential energy barriers of the donor and acceptor.  This 
is made possible by the high amount of vibronic overlap at the tail ends of the 
vibrational wavefunctions describing the donor and acceptor proton bonds.  Due 
to this change in energy surfaces from two to one, the crossing point is avoided 
and is referred to as the avoided crossing as can be seen in Figure 10.  One can 
define adiabatic proton transfer as when the vibronic coupling is far greater than 
the thermal energy Vel >> kbT.18  Distance is the main factor which will allow 
adiabatic proton transfer.  This is due to the fact that adiabatic proton transfer 
doesn’t rely on thermal energy for visitation of the avoided crossing, but relies on 
an abundance of electronic coupling, which is distance dependent.   
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Figure 10.  Figure  shows two sets of Marcus parabolas and shows their diabatic 
and adiabatic energy surfaces.  Illustrated above is the crossing point labeled a for 
the diabatic Marcus parabolas and the avoided crossing labeled a* for the 
adiabatic Marcus parabolas and where Vel is the term describing electronic 
coupling. 
 
Figure 10 shows a diabatic set of Marcus curves and a set of adiabatic Marcus 
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4.7.   Adiabatic and Non Adiabatic PCET.  The amount of vibronic 
coupling between the proton donor and acceptor will depict whether the proton 
transfer is adiabatic and non adiabatic.  Stated before, an adiabatic proces9is is 
defined as a process during which there is no change in electronic state or   
 
Figure 11.  An illustration of diabatic Marcus curves and the increased potential 
for vibrational overlap between donor (D) and acceptor (A) at higher energy 
levels.  As can be seen, the energy levels labeled a, b, and c have increasingly 
more potential for vibrational wavefunction overlap as they increase in energy. 
 
multiplicity, or in the case of electron and proton transfer is a process where the 
coupling is far greater than the thermal energy Vel >> kbT.18  Employing a Marcus 
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coupling has on the proton transfer process.  A high amount of vibrational 
wavefunction overlap between donor and acceptor allows one to view the energy 
surfaces of the donor and acceptor as one continuous surface.  Each vibrational 
energy level will be viewed as a continuous wavefunction that spans from the 
donor to the acceptor.  This penetration through the potential energy barriers and 
degeneracy of vibrational energy levels between donor and acceptor along the 
nuclear-solvent coordinate allows one to view the system as having a single 
electronic energy surface as apposed to two, as seen above in Figure 10.  The high 
amount of vibronic coupling causes the crossing point between the donor and 
acceptor energy barriers to be avoided and is referred to as the avoided crossing.  
During an adiabatic proton transfer, a proton is able to tunnel during its transfer.23  
A proton tunneling event can be described as the proton moving through potential 
energy barriers due to a high amount of vibronic coupling.  Many Marcus “like” 
Figure illustrating proton tunneling show a single energy surface between donor 
and acceptor and usually portray with a dotted lines, as in Figure 10, the diabatic 
potential energy surfaces which the proton tunnels through.  Adiabatic proton 
transfer allows the proton to be delocalized on continuous vibrational energy 
levels which span from donor to acceptor, making the transfer extremely probable 
when the avoided crossing is visited.  It is common to assume a successful proton 
to transfer every time the avoided crossing is reached.19   
 Non adiabatic or diabatic proton transfer results from a lack of vibrational 
wavefunction overlap.  This causes both the donor and acceptor energy surfaces 
to stay independent of one another.  Non adiabatic proton transfer is driven by 
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thermal energy and is defined as when vibronic coupling is much smaller than 
thermal energy kbT >> Vel.18  Due to the heavier mass of the proton, its excited 
vibronic energy levels are going to be less populated when comparing to the 
vibrational energy levels of an excited state or MO as in electron transfer (Figure 
9).  However, the potential for vibrational wavefunction overlap increases 
between donor and acceptor with increasing energy level.  This is due to the 
broader delocalization at higher energy levels, which allows for more efficient 
overlap between donor and acceptor.  Therefore, for a diabatic process, external 
thermal energy can populate the donors’ excited vibrational energy levels which 
can permit access to energy levels at and above the crossing point.  This is where 
adequate coupling can exist to allow transfer for a diabatic process.24  An 
illustration of this concept can be seen in Figure 11.  Due to the poor vibronic 
coupling in the diabatic system, the crossing point is likely to be visited multiple 
times before proton transfer can occur which makes it a less efficient process than 
the adiabatic case.   
4.8.  Kinetic Isotope Effect.  In some cases a deuterium (D) kinetic 
isotope effect (KIE) is observed for PCET reactions.  A KIE is usually indicative 
of a proton tunneling event.24  This is typically the case because the electronic 
properties of Deuterium (D) are more localized than Hydrogen (H).  This 
localization gives D a more point charge character which results in a stronger 
bond to the phenolate oxygen, whereas H, due to its lighter mass, is more 
delocalized and acts more quantum mechanically.  Also, D’s heavier mass and 
stronger bond makes access to excited vibronic states less accessible when 
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compared to H, resulting in a smaller electronic coupling for D.  This is intuitive 
when thinking about the harmonic oscillator description of these systems.  Due to 
Ds heavier mass it takes more energy to displace it from equilibrium than it would 
to displace a proton.  When a tunneling event takes place, these heavier properties 
cause D to visit the avoided crossing less frequently than H.  Therefore, H will 
have a higher probability of transferring in an adiabatic process, thus resulting in 
an appreciable KIE.24  When a nonadiabatic proton transfer is considered; the 
transfer is driven by thermal energy rather than relying on a highly coupled proton 
donor and acceptor.  This makes a KIE less significant and less prominent due to 
the fact that the thermal energy is much greater than electronic coupling Vel << 
kbT.18  When D and H are thermally excited, and rely on external thermal energy 
to undergo transfer from donor to acceptor, a KIE is less prominent due to the fact 
that both systems are receiving excess energy and have a high potential of 
reaching the crossing point or above, leading to sufficient coupling and transfer.    
4.9.  Marcus Description of PCET.  A Marcus type description is 
commonly employed when describing PCET reactions Figure 12.19  There are 
four energetic states that can exist during a PCET event Figure 12a.  These states 
are labeled DpeA (donor possesses proton and electron), AeDp (acceptor possesses 
transferred electron and donor possesses proton),  DeAp (donor possesses electron 
and acceptor possesses a transferred proton), and ApeD (acceptor possesses 
transferred proton and electron).  Figure 12a shows the paraboloids and the 
crossing through which proton transfer occurs, where the x axis is the proton 
coordinate and the y axis is energy.  The Black dashed lines connecting the two 
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paraboloids depict an adiabatic energy surface by joining the donor (blue 
paraboloid) and acceptor (red paraboloid) energy surfaces.  A bold arrow portrays 
a non adiabatic energy surface, where the proton is passing through the crossing 
 
Figure 12.  a Shows a Marcus type description of PCET.  Figure a depicts the 
proton transfer processes and the four different energetic states of a PCET.  
Where: DpeA describes the system before electron and proton transfer, DeAp 
describes the system with the electron located on its donor and proton located on 
its acceptor,  AeDp describes the system with the electron located on its acceptor 
and the proton located on its donor, and ApeD describes the system after proton 
and electron transfer.  The curves to the right, in b, show the Marcus curves which 
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point; the dashed arrow portrays an adiabatic proton transfer where the proton 
tunnels.  This 2-D description of PCET illustrates proton movement and gives a 
qualitative picture of adiabatic and diabatic proton transfer, it also exemplifies the 
concerted process (EPT) as the less energetically demanding process for electron 
and proton transfer.  Figure 12b shows the Marcus curves related with the 
different electron transfer processes associated with the proton transfer processes 
depicted in Figure 12a.  It can be seen that two sets of Marcus curves, labeled 
ETPT and PTET depict the stepwise processes where electron and proton transfer 
are not a concerted process.  Some examples of the processes illustrated above are 
as follows:  Viewing set of curves labeled ETPT shows an electron transfer 
process which has a small amount of driving force.  This could be caused by the 
charged intermediate set forth by electron transfer from DpeA → AeDp.  This 
primary electron transfer induces a very energetically downhill proton transfer.  
This makes sense due to the fact that after electron transfer the donor moiety bears 
a positive charge.  This positive charge lowers the pKa of the proton donating 
moiety and makes its proton transfer a very thermodynamically favorable process 
as can be seen by the AeDp
 
state in Figure 12a.  The set of curves labeled PTET 
depict an electron transfer after the proton has already transferred.  The fact that 
the proton has already transferred makes the following electron transfer a very 
energetically favorable process due to the resulting negative charge.  This is 
depicted by a large driving force and low activation energy between the two 
curves.  The set of Marcus curves labeled ETP, depicts the concerted process and 
  41 
shows a low activation energy for electron transfer.  As can be seen in Figure, a 
and b, the concerted process results in low activation energy for proton transfer as 
well as electron transfer making the concerted process the most energetically 
economical route.18  However, it is possible that the concerted route will have the 
highest reorganizational energy out of all three processes.  The concerted transfer 
of both an electron and a proton will result in a net reorganizational penalty for 
the system for the simultaneous electron and proton transfers.  This net 
reorganizational energy will affect the kinetics of PCET, potentially making the 
concerted process kinetically inferior to the stepwise processes in the same 
system.  In the stepwise processes, the system deals with the reorganizational 
energy of the electron transfer and proton transfer at separate times, thus avoiding 
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5.  RESULTS AND DISCUSSION 
5.1.  Synthetic Schemes.  The following synthetic schemes were 
performed in an attempt to synthetically prepare a triad which can undergo 
photoinduced PCET resulting in a charge separated state which can be 
successfully studied spectroscopically.  Exploration of the chemistry needed to 
prepare a triad which can perform efficient PCET resulted in eight different 
synthetic strategies.  The most successful strategy, Scheme 8, is the current 
strategy being used to synthesize the triad.  All synthetic strategies have made an 
attempt to create a framework with a C60 (acceptor), porphyrin (chromophore), 
and a phenol-imidazole (donor).  Many different synthetic pathways were taken 
before the correct chemistry for the building of a PCET triad was discovered.   
One of the most unique steps towards building the overall framework of 
the triad was a porphyrin condensation which produced a formyl functionalized 
porphyrin.  A novel condensation resulting in a porphyrin bearing a benzaldehyde 
group, at one of the meso positions, was developed.  This novel condensation was 
developed in an attempt to take advantage of the physical properties of the 
reagents show below in Figure 13.  The condensation consists of using either 
diformyl compound 5 or 27 as one of the two aldehyde groups along with two 
equivalents of dipyrromethane.  The properties of compounds 5 and 23 as shown 
in Figure 13, illustrate an accessible formyl group, labeled A, and a sterically 
hindered and deactivated formyl group, labeled B.  As shown in Figure 13,   
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Figure 13.  Diformyl compounds 5 and 23.  Showing the two formyl groups A 
and B where formyl group B is participating in hydrogen bonding with the 
adjacent hydroxyl group.  This hydrogen bonding interaction interferes with the 
catalysts (BF3(OEt)2) ability to interact with formyl group B thus making formyl 
group A the more reactive substituent.  
 
the hydrogen bonding between the hydroxyl and carbonyl has been proposed to 
sterically interfere with the catalysts ability to interact with carbonyl B during 
porphyrin condensation. The catalyst, BF3, is supposed to coordinate to the lone 
pairs of the carbonyl oxygen.  Through this interaction to the carbonyl oxygen, 
borons’ empty p orbital draws electron density away from the carbonyl carbon 
making it a better electrophile.  However, when the formyl group is adjacent to a 
hydroxyl group, as in formyl group B in compounds 5 and 27, the carbonyl 
oxygen is permanently caught in an intramolecular hydrogen bond with the 
adjacent hydroxyl hydrogen.25  This hydrogen bond involves a lone pair of the 
carbonyl and thus it competes with the Lewis acid for this site of coordination.  
This in addition to a simple steric effect interferes with BF3’s ability to activate 
formyl group B, giving formyl group A the higher probability of being activated 
by BF3, thus the more reactive substituent.  The bulky t-butyl group on the phenol 
A A B B 
5 23 
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ring can serve to amplify this H-bonding interaction.  This group can potentially 
aid in directing the phenolic hydrogen in the direction of the formyl group.  
However, the t-butyls’ main purpose is to give the phenol steric bulk.  During 
photoinduced PCET, a radical is formed.  This radical could potentially undergo 
side reactions with other substrates in solution during photophysical experiments.  
To protect the high energy intermediate, the t-butyls’ bulky properties limit its 
potential intimate interaction with any other substituents.    
5.2.   Synthetic Strategy I.  Synthetic strategy I consists of the synthesis 
of diformyl compound 5 and its condensation, under normal conditions,26 with 
mesityl dipyrromethane and methyl 4-formyl-benzoate to give functionalized 









  45 
Scheme 1.  (i).  THF, Pd(PPh3)4, Na2CO3, reflux 6hr; (ii). Chloroform, methyl 4-
formylbenzoate, Mesityl dipyrrolmethane, BF3(OEt)2, rt 3hr, (DDQ), rt 24hr; (iii).  
Acetic acid, dimethoxy benzil, ammonium acetate, reflux 24hr. 
 
This novel porphyrin condensation, Scheme 1 (ii) provides a surprisingly clean 
and efficient route to a functionalized macromolecular framework.  One would 
think a polymer would result due to the dual functionality of the starting diformyl 
compound, however, column chromatography shows that only three bands are 
present in the crude mixture; the major band of which is the target porphyrin.  
Compound 7 was then reacted with 4,4’-dimethoxybenzil in an attempt to 
condense an imidazole27 to achieve dyad 8.  This reaction, however, produced 
many unexpected results.  Thin layer chromatography (TLC) showed a total of 10 
byproducts for this reaction.  Mass spectroscopy showed the target mass and also 
showed 3 other peaks that were all successively +16 in mass to the target weight.  
This reaction was repeated multiple times and produced the same side products as 
determined by matrix-assisted laser desorption/ionization spectroscopy (MALDI).  
The peaks +16, +32, and +48 in mass were thought to be oxidation products but 
were never thoroughly investigated.  Due to the high amount of products 
produced and their similar rf values, no clean NMR spectral data was obtained of 
the target or side products.  A different method of synthesizing the imidazole by 
use of microwaves was attempted next.  An analogous reaction scheme was found 
for the imidazole formation, where microwave radiation was used for 5min at 
200oC.28  The microwave procedure was proposed to have fewer side products 
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and to be a more efficient reaction.  Therefore, the reaction was scaled up and a 
microwave reactor was used to synthesize 8.  The microwave yielded the same 
results as the thermal reaction.  In an attempt to avoid the extensive side product 
formation of the above scheme, a new synthetic strategy was employed (see 
description below).  
5.3.  Synthetic Strategy II.  A new scheme was employed which 
consisted of making the biphenyl imidazole compound 4, that bears an ester, 
which can be reduced to an aldehyde then condensed into a porphyrin.  The idea 
was that performing the imidazole condensation without the porphyrin present 
would avoid the numerous side products that were observed in Scheme 1.  After 
imidazole formation succeeded, the subsequent reduction and oxidation of the 
ester group to an aldehyde was performed to give 4a and 9a, Scheme 2.26  
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Chloroform, methyl 4-formylbenzoate, mesityl dipyrromethane, BF3(OEt)2, rt 3hr, 
DDQ, rt 24hr.   
 
An attempt to use aldehyde 9a in the formation of the porphyrin26 was performed, 
but did not succeed.  Scheme 2 yielded no target compound, 8, as detected by 
mass spectroscopy.  The major product of this condensation was a dimethyl ester 
porphyrin.  A possible explanation for this could be that as the reagent bearing the 
aldehyde to be condensed into a porphyrin grows in size, it will become less 
kinetically competitive in comparison with smaller formyl compounds.  Mere 
probability could have possibly prevented a larger and slower rotating compound 
such as 9a from condensing when in the presence of smaller formyl molecules 
such methyl 4-formyl-benzoate.  In addition to kinetics, there is an electronic 
effect; the ester group in the para position of 4-formyl-benzoate makes the formyl 
carbonyl group more electrophilic.  This is a property necessary for the reaction 
with pyrrole, the first step in the porphyrin formation reaction. Porphyrin 
condensations typically have poor yields and reagents are usually used on the 
gram scale to get an appreciable amount of target product.  Since the reduction 
and oxidation steps toward compound 9a were very inefficient and had poor 
yields, 50% and 40% respectively, pursuing 9a as starting material and the 
development of a porphyrin condensation reaction with it would have been an 
extremely inefficient synthetic pathway.  Therefore, a new synthetic scheme was 
employed.  
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5.4.   Synthetic Strategy III.  Due to the inability of biphenyl imidazole, 
9a, to condense into a porphyrin, a more direct linkage of the donor was 
proposed, Scheme 3.   
 
Scheme 3.  (i) DCM, EDCI, DMAP, rt 24hr. 
 
Converting the ester of compound 4 into an amine was done utilizing a Curtius 
Rearrangement to afford compound 10.26  This was allowed to react with 
porphyrin 12 with EDCI as a coupling reagent in order to form an amide 
linkage.26  However, Scheme 3 did not yield the desired product.  Not only was 
the desired linkage unsuccessful, this synthetic route was also flawed in its 
architecture.  Similar compounds in functionality (perform photoinduced PCET) 
with only one phenyl bridge between the donor and chromophore have been 
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photoinduced PCET.29  This evidence would suggest that the extremely long 
bridge length between the phenol-imidazole donor and porphyrin in the above 
compound would result in poor electronic coupling, making electron transfer 
kinetically unfeasible.  After the first attempt at an EDCI coupling, the N-acyl 
urea product formed preferably over the target and the linkage was not 
investigated any further due to the bridge length issue.    
5.5.    Synthetic Strategy IV.  Due to the flawed framework of Scheme 3 
a new strategy was employed which consisted of excluding one phenyl bridge 
between the phenol-imidazole donor and porphyrin, Scheme 4.  
  
Scheme 4.  (i). DMF, CuCN, 160oC 24hr; (ii). Acetonitrile, KCN, Pd(PPh3)4, CuI 
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Compound 14 was prepared by performing an imidazole condensation27 on 
compound 2 (5-bromo-3-tert-butyl-2-hydroxybenzaldehyde) in an attempt to 
substitute a cyano group for the bromine (i, ii).30  The cyano group could then be 
hydrolyzed to a carboxylic acid which would be followed by an EDCI coupling to 
an amine porphyrin.  However, two different reaction conditions for the 
preparation of the cyano compound were employed, both of which resulted in 
copious amounts of black tar and no appreciable amount of target product.  This 
scheme would have resulted in a closer distance between the phenol-imidazole 
donor and porphyrin compared to the target of Scheme 3, however, getting the 
donor even closer to the porphyrin was of high interest and a new scheme was 
employed which could accomplish that. 
5.6.  Synthetic Strategy V.  The next option was to perform a Pd 
catalyzed coupling reaction (Buchwald-Hartwig)31  between the amine on 
porphyrin 16 and the bromine on compound 14 to give the target seen in Scheme 
5.  Utilizing compound 14 without performing any further reactions was optimal 
due to the poor yields that are associated with reactions containing the methoxy-
imidazole functional group (i.e. 4 and 14).  However, no target compound was 
present after the Pd coupling reaction of Scheme 5. In all the imidazole 
condensations, 4, 4’dimethoxybenzil was used because the electron donating 
methoxy groups provided the phenol with the proper redox properties to donate an 
electron into an oxidized mesityl porphyrin during photoinduced PCET.   
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Scheme 5.  (i). Toluene, Pd(OAc)2, DPEphos, KOtBu, 80oC 24hr. 
However, this added electron density could have caused the sensitivity of the 
imidazole donor moieties during synthetic reactions.  It makes sense that a very 
electron dense system will not only be a good electron donor for photoinduced 
PCET reactions, but will also have a high propensity of being oxidized in 
unwanted side reactions during synthetic steps such as in Scheme 1 (iii) and 
Scheme 2 (i) and (ii).  To test the hypothesis that the excess electron density of 
the methoxy imidazole was causing the sensitivity of previous reactions involving 
a methoxy imidazole, a new strategy was employed which would test its validity. 
5.7.  Synthetic Strategy VI.  To test whether the electron donating 
characteristics of the methoxy imidazole were causing synthetic problems, 4,4’-
dibromobenzil was used instead of 4,4’dimethoxybenzil in the imidazole 
condensation26 on a formyl substituted fluorinated porphyrin.  Fluorinated 
porphyrin, 21, was used instead of mesityl porphyrin, 7, because it had been 
previously synthesized for another project and the mesityl analog was in route.  
The imidazole condensation using 4,4’dibromobenzil to afford compound 22, 
showed no side products, only showing the presence of the target compound and 
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Scheme 6.  (i). Acetic acid, dibromo benzil, ammonium acetate, reflux 24hr. 
 
The fact that the less electron dense bromo-imidazole condensation worked on a 
fluorinated porphyrin sheds insight that it might work on a mesityl porphyrin.  
Even though these results are hopeful; they are not conclusive since there is no 
way of showing that the properties of the porphyrin did not influence, the side 
product free, imidazole formation.  The imidazole condensation results do, 
however, deserve to be investigated using the dimesityl porphyrin.  If the mesityl 
analog of the above reaction yields the same imidazole formation results, an 
electron donating group could be substituted for the bromine groups at a later step 
in the synthesis, thus avoiding the possible problems associated with the 
formation of the electronically dense methoxy imidazole system.       
5.8.   Synthetic Strategy VII.  Forming a bromo-imidazole on a mesityl 
porphyrin followed by the substitution of electron dense substituents, such as 
pyrrolidine groups, in a later step would provide similar redox properties as the 
methoxy groups.  This approach could potentially avoid the side product 
formation encountered when performing the methoxy imidazole condensation in 
Scheme 1 (ii), which caused so many side products.  Figure 14 shows a system 
i 
22 21 
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that could be used for this approach.  This strategy would eliminate the variable of 
having to perform chemistry in the presence of an electron dense system.  
 
Figure 14.  Mesityl porphyrin with bromo-imidazole electron donor group. 
 
A model reaction for the coupling of electron donating groups for the bromo-
imidazole substituent in the above compound was attempted, Scheme 7.31  
Scheme 7.  (i).  Pyrrolidine, BINAP, KOtBu, Pd(dba)3, reflux 24hr; (ii).  
Pyrrolidine, BINAP, KOtBu, Pd(OAc)2, reflux 24hr.    
 
Model compound 18 was made for a Pd amination reaction.  Attempting to 
substitute pyrrolidine for the two bromines, using Buchwald-Hartwig Pd coupling 
to yield 19 and 19a, did not work.  An electron donating group such a pyrrolidine 
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the phenol-imidazole electron donor moiety, that would allow electron transfer to 
the radical cation of the mesityl porphyrin during photoinduced PCET. 
Unfortunately, the development of the Pd coupling on the model compound was 
unsuccessful and abandoned upon development of a more efficient strategy. 
5.9.   Synthetic Strategy VIII.  A final effort and a new framework were 
attempted for the formation of a triad which can perform photoinduced PCET, 
Scheme 8.  The macromolecular framework was modified from the original, 
compound 7, and was changed to the phenol-imidazole donor being directly 
linked to the porphyrin.  This was accomplished by condensing26 diformyl 
compound 23 (5-tert-butyl-4-hydroxyisophthalaldehyde) into a porphyrin giving 
compound 24. A modified imidazole formation was then used to give dyad 25.  
This architecture would result in better electronic coupling between the phenol-
imidazole donor and porphyrin compared to the original architecture of compound 
8.11  A modified low temperature imidazole condensation27 was then performed 
which allowed the synthesis of dyad 24.  The low temperature modification, 
changing the reaction temperature from 120o C to 75o C, took an entire week 
instead of 24 hr, however, it decreased the formation of the numerous side 
products which had been encountered with the earlier high temperature methoxy 
imidazole formations, Scheme 8.   
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Scheme 8.  (i).  Acetic acid, dimethoxy benzil, ammonium acetate, 75oC 1 week; 
(ii). THF, excess LAH, rt 1hr; (iii). DCM, excess MnO2, rt 3hr.  
   
The avoidance of side product formation allowed compound 24 to be isolated and 
properly characterized.  The next step was a reduction of the ester of porphyrin 24 
to an alcohol followed by its oxidation to an aldehyde.26  The LAH reduction of 
the ester on the porphyrin was successful and gave the expected, nearly 
quantitative results, however, the MnO2 oxidation of the alcohol to an aldehyde 
failed and a different procedure will be needed.  The oxidation of the alcohol with 
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used in the reaction.  A more gentle oxidation procedure should be investigated to 
afford the aldehyde necessary for C60 attachment to the porphyrin (Prato reaction), 
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6.  SUMMARY 
6.1.   Conclusion.  Building a triad that can perform photoinduced PCET 
has been a challenge.  Doing synthesis with such an electron dense donor and a 
system containing multiple functional groups necessitates gentle reaction 
conditions.  In our laboratory, no other fully organic triad has been made which 
can perform PCET upon irradiation with light.  The construction of the final target 
compound Figure 1, will give much insight into the mechanism of PCET as 
compared to simple electron transfer.  The ultimate goal is to learn about how 
processes such as PCET work and use that information in conjunction with other 
knowledge to construct organic based light harvesting systems which can 
transform sunlight into electricity and/or fuel.  Recent advances of catalysts, such 
as IrO232 and other metal oxides, have made the idea of oxidizing water using 
synthetic light absorbing supermolecules a realistic idea.  Acquiring the 
knowledge and capacity necessary to efficiently and economically harvest the 
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7.  EXPERIMENTAL 
General Methods.  Chemical reagents were purchased from Alfa Aesar or 
Aldrich and used without further purification.  Distillations of all solvents were 
conducted under a Nitrogen atmosphere. THF was dried using LAH. CH2Cl2, 
toluene, hexanes were dried over LAH, CaH, CaH respectively and CH3OH was 
dried over Magnesium Sulfate. Thin-layer chromatography was performed using 
Analtech Uniplate silica gel plates. Flash chromatography was performed using 
Silicycle 43-60µm, 230−400 mesh silica gel. All solvents were concentrated using 
rotary evaporation and all 1H NMR spectra were acquired on a 300 MHz Varian 
Liquid-State, 400 MHz Varian Liquid-State or, 500 MHz Varian Liquid-State 
NMR spectrometer.  All mass spectra were performed using a Voyager DE STR 
MALDI-TOF mass spectrometer.  
 
 4-Bromo-2-tert-butyl-phenol (1).  2-tert-Butyl-phenol was brominated and 
distilled by Gary Moore to yield 1 as a slightly yellow oil.  1H NMR (300MHz, 
CDCl3): δ 1.38 (9H, s (CH3)3), 4.75 (1H, s, OH), 6.53 (1H, d, J = 8.8 Hz, ArH), 
7.16 (1H, dd, J = 8.8 Hz, J = 2.2 Hz, ArH), 7.35 (1H, d, J = 2.2 Hz, ArH). 
 
5-Bromo-3-tert-butyl-2-hydroxy-benzaldehyde (2).  To a solution of 1 (10g, 
0.04mol) in TFA (40ml) at 115 °C was added HMT (Hexamethylenetetramine) 
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(11.33g, 0.08mol).  The reaction mixture was allowed to stir at 115 °C for 6hrs.  
The solution was diluted with Dichloromethane (100ml) and was washed with 
water.  The organic solution was dried over Na2SO4, and concentrated to an oil.  
Silica gel chromatography (30% hexanes in Cl2CH2) yielded 2.86 g (27.85%) of 2 
as a yellow solid.  1H NMR (300 MHz, CDCl3) δ 1.41 (9H, s (CH3)3), 7.52 (1H, d, 
J = 2.2 Hz, ArH), 7.58 (1H, d, J = 2.2 Hz, ArH), 9.81 (1H, s, CHO), 11.72 (1H, s, 
OH). 
 
5'-tert-Butyl-3'-formyl-4'-hydroxy-biphenyl-4-carboxylic acid methyl ester 
(3).  To a solution of 2 (0.548g, 2.134mmol) in THF (7.4ml) was added 4-
(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-benzoic acid methyl ester (0.5g, 
2.134mmol).  A solution of Sodium Carbonate (0.384g, 3.62mmol) in H2O (2ml) 
was then added.  The reaction mixture was let to degas for 30min to which 
Tetrakis(triphenylphoshphine)Palladium(0) (0.048g, 0.0426mmol) was added.  
The reaction mixture was allowed to stir at reflux for 6hrs.  The solution was 
diluted with diethyl ether (75ml) and washed with H2O.  The organic solution was 
dried overNa2SO4 and concentrated to a yellow solid.  Silica gel chromatography 
(DCM) yielded 0.300g (50%) of 3 as a yellow solid.  1H NMR (300 MHz, 
CDCl3): δ 1.43 (9H, s, (CH3)3), 3.97 (3H, s, OCH3), 7.63 (2H, d, J = 8.2 Hz, 
ArH), 7.79 (1H, d, J = 2.2 Hz, ArH), 7.58 (1H, d, J = 2.2 Hz, ArH), 8.11 (2H, d, J 
= 8.2 Hz, ArH), 9.97 (1H, s, CHO), 11.83 (1H, s, OH). 
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3'-[4,5-Bis-(4-methoxy-phenyl)-1H-imidazol-2-yl]-5'-tert-butyl-4'-hydroxy-
biphenyl-4-carboxylic acid methyl ester (4).  To a solution of 3 (300mg, 
0.96mmol) in Acetic acid (60ml) was added 4,4’-dimethoxybenzil (434.48mg, 
1.608mmol) and Ammonium acetate (1.97g, 2.57mmol).  The solution was 
allowed to reflux for 24hrs.  The mixture diluted with DCM (150ml) and was 
washed with aqueous saturated sodium bicarbonate.  The organic was 
concentrated under reduced pressure evaporation which resulted in a purple solid.  
Silica gel chromatography yielded 226.8mg (42%) of 4 as a yellow solid.  1H 
NMR (400 MHz, CDCl3): δ 1.5 (9H, s, (CH3)3), 3.87 (3H, s, OCH3), 3.9 (3H, s, 
OCH3), 3.95 (3H, s, OCH3), 6.94 (2H, d, J = 8.88 Hz, ArH), 7.45 (2H, d, J = 8.2 
Hz, ArH), 7.57 (1H, d, J = 2 Hz, ArH), 7.73 (2H, d, J = 8.08 Hz, ArH), 7.78 (1H, 
d, J = 2 Hz, ArH), 7.92 (2H, d, J = 8.96 Hz, ArH), 8.02 (2H, d, J = 8.16 Hz, ArH), 
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3'-[4,5-Bis-(4-methoxy-phenyl)-1H-imidazol-2-yl]-5'-tert-butyl-4'-hydroxy- 
biphenyl-4-carboxylic acid methyl ester (4a).  To a solution of 3 (300mg, 
0.96mmol) in Acetic acid (60ml) was added 4,4’-dimethoxybenzil (434.48mg, 
1.608mmol) and Ammonium acetate (1.97g, 2.57mmol).  The solution was 
microwaved in a Smithsynthesizer™ reactor cavity at 180 °C for 5min.  The 
mixture diluted with DCM (150ml) and was washed with aqueous saturated 
sodium bicarbonate.  The organic was concentrated under reduced pressure 
evaporation which resulted in a purple solid.  Silica gel chromatography yielded 
453mg (84%) of 4a as a yellow solid. 1H NMR (400 MHz, CDCl3): δ 1.5 (9H, s, 
(CH3)3), 3.87 (3H, s, OCH3), 3.9 (3H, s, OCH3), 3.95 (3H, s, OCH3), 6.94 (2H, d, 
J = 8.88 Hz, ArH), 7.45 (2H, d, J = 8.2 Hz, ArH), 7.57 (1H, d, J = 2 Hz, ArH), 
7.73 (2H, d, J = 8.08 Hz, ArH), 7.78 (1H, d, J = 2 Hz, ArH), 7.92 (2H, d, J = 8.96 
Hz, ArH), 8.02 (2H, d, J = 8.16 Hz, ArH), 8.16 (2H, d, J = 8.04 Hz, ArH), 13.83 
(1H, s, OH). 
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3-[4,5-Bis-(4-methoxy-phenyl)-1H-imidazol-2-yl]-5-tert-butyl-4'-
hydroxymethyl-biphenyl-4-ol (4b).  A solution of (4) (200mg, 0.355mmol) in 
THF (200ml) was stirred in an ice bath under argon.  To which was added an 
excess amount of LAH.  After 20 min, the mixture was diluted with 150 mL of 
dichloromethane was washed with water, followed by aqueous sodium 
bicarbonate. After drying over anhydrous sodium sulfate, the solution was filtered 
and dried using reduced pressure evaporation. Flash silica gel chromatography 
(30% hexanes in DCM) yielded 90mg (45%) of (4b) as a yellow solid. 1H NMR 
(400 MHz, CDCl3): δ 1.49 (9H, s, (CH3)3), 3.89 (3H, s, OCH3), 3.92 (3H, s, 
OCH3), 4.56 (2H, s, CH2), 7.0 (2H, d, J = 8.8 Hz, ArH), 7.45 (2H, d, J = 8.2 Hz, 
ArH), 7.57 (1H, d, J = 2 Hz, ArH), 7.79 (2H, d, J = 8.8 Hz, ArH), 7.79 (1H, d, J = 
2 Hz, ArH), 7.92 (2H, d, J = 8.96 Hz, ArH), 8.0 (2H, d, J = 8.16 Hz, ArH), 8.13 
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5-tert-Butyl-4-hydroxy-biphenyl-3,4'-dicarbaldehyde (5).  To a solution of 2 
(0.274g, 1.067mmol) in THF (3.7ml) was added 4-Formylphenylboronic acid, 
pinacol ester (0.250g, 1.067mmol).  A solution of Sodium Carbonate (0.192g, 
1.81mmol) in H2O (1ml) was then added.  The reaction mixture was let to degas 
for 30min to which Tetrakis(triphenylphoshphine)Palladium(0) (0.024g, 
0.0213mmol) was added.  The reaction mixture was allowed to stir at reflux for 
6hrs.  The solution was diluted with diethyl ether (50ml) and washed with H2O.  
The organic solution was dried overNa2SO4 and concentrated to a yellow solid.  
Silica gel chromatography (DCM) yielded 0.150g (50%) of 3 as a yellow solid.  
1H NMR (400 MHz, CDCl3): δ 1.47 (9H, s, (CH3)3), 7.66 (1H, s, ArH), 7.7 (2H, 
d, J = 7.72, ArH), 7.79 (1H, s, ArH), 7.94 (2H, d, J = 7.68, ArH), 9.97 (1H, s, 
CHO), 10.05 (1H, s, CHO), 11.88 (1H, s, OH). 
 
5-Mesityldipyrrolmethane (6).  Was synthesized by previously reported 
methods.33 
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4-[15-(5'-tert-Butyl-3'-formyl-4'-hydroxy-biphenyl-4-yl)-10,20-bis-(2,4,6-
trimethyl-phenyl)-porphyrin-5-yl]-benzoic acid methyl ester (7).  A solution 
of 6 (0.457g, 1.73mmol), 5 (0.244g, 0.865mmol), and 4-Formyl-benzoic acid 
methyl ester (0.141g, 0.865mmol) in Chloroform (365ml) was let to degas with 
argon for 45min under stirring.  BF3O(Et)2 was added (160µl) and stirred at room 
temp for 4hrs.  2,3-Dichloro-5,6-Dicyanobenzoquinone (0.392g, 1.73mmol) was 
added to fully oxidize the macrocycle.  The solution was then run over a pad of 
silica gel and which was washed with 1%MeOH in DCM and concentrated using 
reduced pressure evaporation.  The compound was then dissolved in DCM 
(100ml) and washed with an aqueous saturated sodium bicarbonate solution.  The 
organic was dried over Na2SO4 and concentrated using reduced pressure 
evaporation.  Silica gel chromatography (30% hexanes in DCM) yielded 75.2mg 
(9.3%) of 5 as a purple solid.  1H NMR (400 MHz, CDCl3): δ -2.61 (2H, s, NH), 
1.57 (9H, s, (CH3)3), 1.83 (12H, s, CH3), 2.61 (6H, s, CH3), 4.09 (3H, s, OCH3), 
7.27 (4H, s, ArH), 7.92-7.94 (3H, m, ArH), 8.08 (1H, d, J = 2 Hz, ArH), 8.28-
8.31 (4H, m, ArH), 8.69-8.73 (6H, m, βH), 8.86 (2H, d, J = 4.68 Hz, βH), 10.09 
(1H, s, CHO), 11.9 (1H, s, OH).   




benzoic acid methyl ester (8).  To a solution of 7 (75.2mg, 0.080mmol) in Acetic 
acid (6ml) was added 4,4’-dimethoxybenzil (108.62mg, 0.402mmol) and 
Ammonium acetate (494.6mg, 0.643mmol).  The solution was allowed to reflux 
for 24hrs.  The mixture diluted with DCM (100ml) and was washed with aqueous 
saturated sodium bicarbonate.  The organic was concentrated under reduced 
pressure evaporation which resulted in a purple solid.  Silica gel chromatography 
yielded a mixture of the target compound along with multiple oxidized products; 
the rf’s of the product and the oxidized products were too close to isolate and 
characterize. 




benzoic acid methyl ester (8a).  To a solution of 7 (52.92mg, 0.056mmol) in 
Acetic acid (6ml) was added 4,4’-dimethoxybenzil (76.545mg, 0.283mmol) and 
Ammonium acetate (348mg, 0.4536mmol).  The solution was microwaved in a 
Smithsynthesizer™ reactor cavity at 180 °C for 5min.  The mixture was diluted 
with DCM (100ml) and washed with aqueous saturated sodium bicarbonate.  The 
organic was concentrated under reduced pressure evaporation which resulted in a 
purple solid.  Silica gel chromatography yielded a mixture of the target compound 
along with multiple oxidized products; the rf’s of the product and the oxidized 
side products were too close to isolate and characterize.   
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3'-[4,5-Bis-(4-methoxy-phenyl)-1H-imidazol-2-yl]-5'-tert-butyl-4'-hydroxy-
biphenyl-4-carboxylic acid (9).  To 4 (100mg, 0.178mmol) was added a 1:2 
mixture of TFA (triflouroacetic acid) and HCl respectively 20:40ml.  Solution 
was stirred at 40 °C for 24hrs under a closed atmosphere.  Solution was titrated 
with aqueous saturated sodium bicarbonate at 0°C under stirring until neutral; 
then diluted with DCM (150ml) and washed with H2O.  Organic was dried over 
Na2SO4 and concentrated with reduced pressure evaporation.  Silica gel 
chromatography yielded 66.3mg (68%) of 9 as a yellow solid.  1H NMR (400 
MHz, MeOD3): δ 1.56 (9H, s, (CH3)3), 3.82 (3H, s, OCH3), 3.864 (3H, s, OCH3), 
6.93 (2H, d, J = 8.7 Hz, ArH), 7.02 (2H, d, J = 8.7 Hz, ArH), 7.48 (2H, d, J = 8.7 
Hz, ArH), 7.56 (2H, d, J = 8.7 Hz, ArH), 7.67 (1H, d, J = 2.2 Hz, ArH), 7.82 (2H, 
d, J = 8.4 Hz, ArH) 8.08 (2H, d, J = 8.4 Hz, ArH), 8.27 (1H, d, J = 2.2 Hz, ArH), 
12.05 (1H, s, OH). 
 
3'-[4,5-Bis-(4-methoxy-phenyl)-1H-imidazol-2-yl]-5'-tert-butyl-4'-hydroxy-
biphenyl-4-carbaldehyde (9a).  A solution of (4b) (90mg, 0.168mmol) in DCM 
(100ml) was stirred under argon while excess MnO2 was added. After 2 hrs of 
stirring, the solution was filtered through Celite. A mixture of chloroform and 
methanol (4:1) was used to wash the Celite until all of the reaction mixture was 
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eluted. The compound was dried using reduced pressure evaporation.  Flash silica 
gel chromatography (30% hexanes in DCM) yielded 44mg (50%) of (9a) as a 
yellow solid.  1H NMR (400 MHz, CDCl3): δ 1.53 (9H, s, (CH3)3), 3.86 (3H, s, 
OCH3), 3.92 (3H, s, OCH3), 6.93 (2H, d, J = 8.7 Hz, ArH), 7.02 (2H, d, J = 8.7 
Hz, ArH), 7.48 (2H, d, J = 8.7 Hz, ArH), 7.56 (2H, d, J = 8.7 Hz, ArH), 7.67 (1H, 
d, J = 2.2 Hz, ArH), 7.82 (2H, d, J = 8.4 Hz, ArH) 8.08 (2H, d, J = 8.4 Hz, ArH), 
8.27 (1H, d, J = 2.2 Hz, ArH), 10.32 (1H, s, CHO), 12.05 (1H, s, OH).   
 
4'-Amino-3-[4,5-bis-(4-methoxy-phenyl)-1H-imidazol-2-yl]-5-tert-butyl-
biphenyl-4-ol (10).  To a solution of 9 (66.3mg, 0.121mmol) in t-BuOH (16ml) 
was added triethyl amine (30µl).  Upon stirring Diphenylphosphoryl azide (75µl) 
was added dropwise into the mixture and refluxed for 24hrs.  The solution was 
diluted with DCM and washed with aqueous saturated sodium bicarbonate.  Silica 
gel chromatography (DCM) yielded 53.5mg (85%) of 10 as a yellow solid. 1H 
NMR (400 MHz, CDCl3): δ 1.48 (9H, s, (CH3)3), 3.86 (3H, s, OCH3), 3.92 (3H, s, 
OCH3), 5.36 (2H, s, NH), 6.91 (2H, d, J = 8.7 Hz, ArH), 6.99 (2H, d, J = 8.7 Hz, 
ArH), 7.5 (2H, d, J = 8.7 Hz, ArH), 7.53 (2H, d, J = 8.7 Hz, ArH), 7.67 (1H, d, J 
= 2.2 Hz, ArH), 7.82 (2H, d, J = 8.4 Hz, ArH) 8.08 (2H, d, J = 8.4 Hz, ArH), 8.27 
(1H, d, J = 2.2 Hz, ArH), 12.05 (1H, s, OH).   
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5,15-bis(4-carbomethoxyphenyl)-10,20-bis(2,4,6-trimethylphenyl)porphyrin 
(11).  Was synthesized by previously reported methods.33   
 
Dimesityl mono acid mono ester porphyrin (12).  Was synthesized by 
previously reported methods.26 
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4-[15-(4-{3'-[4,5-Bis-(4-methoxy-phenyl)-1H-imidazol-2-yl]-5'-tert-butyl-4'-
hydroxy-biphenyl-4-ylcarbamoyl}-phenyl)-10,20-bis-(2,4,6-trimethyl-
phenyl)-porphyrin-5-yl]-benzoic acid methyl ester (13).  To a solution of 12 
(20mg, 0.025mmol) and 10 (12mg, 0.025mmol) in DCM (6ml) was added 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCi) (60mg, 0.386mmol) and 
4-Dimethylaminopyridine (DMAP) (5mg, 0.041mmol) and stirred under argon at 
room temp for 24hrs.  Silica gel chromatography yielded 0g of target compound.  
Mass spectrometry and NMR suggests that the undesired N-acylurea product 
formed.   
 
 2-[4,5-Bis-(4-methoxy-phenyl)-1H-imidazol-2-yl]-4-bromo-6-tert-butyl-
phenol (14).  To a solution of 2 (500mg, 1.94mmol) in Acetic acid (5ml) was 
added 4,4’-dimethoxybenzil (513mg, 1.94mmol) and Ammonium acetate (585mg, 
7.6mmol).  The solution was allowed to reflux for 24hrs.  The mixture diluted 
with DCM (100ml) and was washed with aqueous saturated sodium bicarbonate 
and the Acetic acid residue was azeotroped with toluene under reduced pressure 
evaporation.  Silica gel chromatography yielded (30% hexanes in DCM) 832mg 
(84%) of 14 as a white solid.  1H NMR (400 MHz, CDCl3): δ 1.46 (9H, s, 
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(CH3)3), 3.84 (6H, s, OCH3), 6.89 (4H, d, J = 8.76, ArH), 7.34 (1H, d, J = 2.3, 
ArH), 7.41 (1H, d, J = 2.3, ArH), 7.47 (4H, d, J = 8.76, ArH), 13.34 (1H, s, OH). 
 
3-[4,5-Bis-(4-methoxy-phenyl)-1H-imidazol-2-yl]-5-tert-butyl-4-hydroxy-
benzonitrile (15).  To a solution of 14 (721mg, 1.421mmol) in anhydrous 
dimethylformamide (20ml) was added CuCN (191mg, 2.133mmol).  The mixture 
was stirred under argon at 160 °C for 48hrs.  The solution was diluted with 
diethyl ether 100ml and washed with saturated sodium bicarbonate and then 
washed with H2O to draw out the DMF.  The organic was then azeotroped with 
toluene using reduced pressure evaporation.  The organic was redissolved in 
DCM and MeOH and recrystalized in hexanes.  Black tar should precipitate out; 
the mother liquor was concentrated using reduced pressure evaporation.  Silica gel 
chromatography (30% hexanes in DCM) yielded 0g of target material.      
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3-[4,5-Bis-(4-methoxy-phenyl)-1H-imidazol-2-yl]-5-tert-butyl-4-hydroxy-
benzonitrile (15b).  To a solution of 14 (500mg, 0.985mmol) in Acetonitrile 
(10ml) was added Potassium Cyanide (130mg, 2mmol) and degassed with argon 
for 45min.  Tetrakis(triphenylphosphine)palladium(0) (50mg, 0.04mmol) and CuI 
(15mg, 0.08mmol) were then added to the degassed flask and stirred at 50 °C for 
2hrs.  The solution was then stirred at 50 °C for an additional 48hrs.  Silica gel 
chromatography yielded 0g of target compound.    
 
4-[15-(4-Amino-phenyl)-10,20-bis-(2,4,6-trimethyl-phenyl)-porphyrin-5-yl]-
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4-[15-{3'-[4,5-Bis-(4-methoxy-phenyl)-1H-imidazol-2-yl]-5'-tert-butyl-4'-
hydroxy-biphenyl-4-yl}-10,20-bis-(2,4,6-trimethyl-phenyl)-porphyrin-5-yl]-
benzoic acid methyl ester (17).  To a solution of 16 (75mg, 0.097mmol) in 
Toluene (5ml) was added 14 (41mg, 0.081mmol) and KtBuO (13mg, 0.113mmol) 
and degassed with argon under stirring for 45min.  After degassing 
PalladiumIIAcetate (1mg, 0.004mmol) and DPEphos (Bis(2-
diphenylphoshinophenyl)ether) (3mg, 0.006mmol) were added: [Pd:DPEphos/ 
1:1.5] with a 0.5% mol Pd. catalyst loading.  The reaction was stirred at 80 °C 





biphenyl-4-carboxylic acid methyl ester (18).  To a solution of 3 (500mg, 
1.6mmol) in Acetic acid (100ml) was added 4,4’-dibromobenzil (588mg, 
1.6mmol) and Ammonium acetate (500mg, 6.4mmol).  The solution was allowed 
to reflux for 24hrs.  The mixture diluted with DCM (150ml) and was washed with 
aqueous saturated sodium bicarbonate.  The organic was concentrated under 
reduced pressure evaporation which resulted in a purple solid.  Silica gel 
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chromatography yielded 496mg (47%) of 18 as a yellow solid. 1H NMR (400 
MHz, CDCl3): δ 1.46 (9H, s, (CH3)3), 3.90 (3H, s, OCH3), 6.91 (2H, d, J = 8.7 
Hz, ArH), 7.32 (2H, d, J = 8.7 Hz, ArH), 7.5 (2H, d, J = 8.7 Hz, ArH), 7.6 (2H, d, 
J = 8.7 Hz, ArH), 7.67 (1H, d, J = 2.2 Hz, ArH), 7.82 (2H, d, J = 8.4 Hz, ArH) 8.1 




hydroxy-biphenyl-4-carboxylic acid methyl ester (19).  To a solution of 18 
(100mg, 0.151mmol) in Pyrrolidine (5ml) was added KOtBu (21mg, 0.188mmol).  
The solution was let to degas with argon for 45min under stirring.  Pd2(dba)3 
(2.75mg, 0.003mmol) and BINAP (2.823mg, 0.005mmol) were then added and 
stirred at reflux under an argon atmosphere for 24hr.  The solution was then 
concentrated by reduced pressure evaporation, re-dissolved in DCM and washed 
with an aqueous saturated Sodium Hydrogen Citrate solution.  Organic solution 
was dried over Na2SO4 and concentrated using reduced pressure evaporation.  
Silica gel chromatography yielded 0g of 19.   
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3'-[4,5-Bis-(4-pyrrolidin-1-yl-phenyl)-1H-imidazol-2-yl]-5'-tert-butyl-4'-
hydroxy-biphenyl-4-carboxylic acid methyl ester (19a). To a solution of 18 
(100mg, 0.151mmol) in Pyrrolidine (5ml) was added KtBuO (21mg, 0.188mmol).  
The solution was let to degas with argon for 45min under stirring.  Pd(OAc)2 
(2.75mg, 0.003mmol) and BINAP (2.823mg, 0.005mmol) were then added and 
stirred at reflux under an argon atomosphere for 24hrs.  The solution was then 
concentrated by reduced pressure evaporation, redissolved in DCM and washed 
with an aqueous saturated Sodium Hydrogen Citrate solution.  Organic was dried 
over Na2SO4 and concentrated using reduced pressure evaporation.  Isolation and 
characterization has yet to be performed. 
 
Pentaflourophenyl Dipyrrolmethane (20).  A solution of 2,3,4,5,6-Pentafluoro-
benzaldehyde (10g, 0.051mol) in pyrrole (200ml) was degassed with argon for 
30min.  To the solution BF3O(Et)2 (1ml) was added.  The solution was stirred at 
room temp for 30min.  The solution was diluted with DCM (300ml) and washed 
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with 0.1M NaOH (300ml).  The organic was dried over Na2SO4 and concentrated 
using reduced pressure evaporation.  Flash silica gel chromatography (20% ethyl 
acetate in hexanes) yielded 6.8g (43%) of 6 as a white solid.  1H NMR (300 MHz, 
CDCl3): δ 5.93 (1H, s, CH), 6.11 (2H, m, ArH), 6.22 (2H, m, ArH), 6.73 (2H, m, 
ArH), 8.06 (2H, brs, NH).    
 
4-[15-(5'-tert-Butyl-3'-formyl-4'-hydroxy-biphenyl-4-yl)-10,20-bis-
pentafluorophenyl-porphyrin-5-yl]-benzoic acid methyl ester (21).  A solution 
of 20 (0.685g, 2.19mmol), 5 (0.366g, 1.29mmol), and 4-Formyl-benzoic acid 
methyl ester (0.211g, 1.29mmol) in Chloroform (547ml) was let to degas with 
argon for 45min under stirring.  BF3O(Et)2 was added (240µl) and stirred at room 
temp for 24hrs under argon atmosphere.  2,3-Dichloro-5,6-Dicyanobenzoquinone 
(0.588g, 2.59mmol) was added, to fully oxidize the macrocycle, and stirred for 
24hr.  The solution was then run over a pad of silica gel and which was washed 
with 1%MeOH in DCM and concentrated using reduced pressure evaporation.  
The compound was then dissolved in DCM (100ml) and washed with an aqueous 
saturated sodium bicarbonate solution.  The organic was dried over Na2SO4 and 
concentrated using reduced pressure evaporation.  Silica gel chromatography 
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(30% hexanes in DCM) yielded 114mg (9.3%) of 5 as a purple solid.  1H NMR 
(400 MHz, CDCl3): δ -2.82 (2H, s, NH), 1.60 (9H, s, (CH3)3), 4.12 (6H, s, OCH3), 
7.95-8.00 (4H, m, ArH), 8.11 (1H, d, J = 1.9 Hz, ArH), 8.29-8.32 (4H, m, ArH), 
8.08-8.46 (2H, d, J = 8.0, ArH), 8.82 (4H, d, J = 4.56 Hz, βH), 8.89 (2H, d, J = 
4.76 Hz, βH), 9.03 (2H, d, J = 4.72 Hz, βH),  10.12 (1H, s, CHO), 11.93 (1H, s, 




acid methyl ester (22).  To a solution of 7 (114mg, 0.11mmol) in Acetic acid 
(7ml) was added 4,4’-dibromobenzil (164.5mg, 0.446mmol) and Ammonium 
acetate (748mg, 9.7mmol).  The solution was allowed to reflux for 72hrs under an 
argon atmosphere.  The mixture was diluted with DCM (200ml) and was washed 
with aqueous saturated sodium bicarbonate.  The organic was azeotroped with 
toluene under reduced pressure evaporation which resulted in a purple solid.  
Silica gel chromatography (30% hexanes in DCM) yielded 75mg (49%) of 22 as a 
purple solid.  
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5-tert-butyl-4-hydroxyisophthalaldehyde (23).  To a solution of 2-tert-butyl 
phenol (10g, 0.04mol) in TFA (40ml) at 115 °C was added HMT 
(Hexamethylenetetramine) (22.66g, 0.16mol).  The reaction mixture was allowed 
to stir at 115 °C for 24hrs.  The solution was diluted with Dichloromethane 
(100ml) and was washed with water.  The organic solution was dried over 
Na2SO4, and concentrated to an oil.  Silica gel chromatography (30% hexanes in 
Cl2CH2) yielded 5 g (48%) of 23 as a yellow oil.  1H NMR (400 MHz, CDCl3): δ 
1.45 (9H, s, (CH3)3),  7.98 (1H, d, J = 2.04, ArH), 8.07 (1H, d, J = 2.04, ArH), 
9.92 (1H, s, CHO), 9.98 (1H, s, CHO), 14.01 (1H, s, OH). 
 
4-[15-(5'-tert-Butyl-3'-formyl-4'-hydroxy-phenyl-4-yl)-10,20-bis-(2,4,6-
trimethyl-phenyl)-porphyrin-5-yl]-benzoic acid methyl ester (24).  A solution 
of 6 (0.457g, 1.73mmol), 23 (0.244g, 0.865mmol), and 4-Formyl-benzoic acid 
methyl ester (0.141g, 0.865mmol) in Chloroform (365ml) was let to vigorously 
degas with argon for 1hr under stirring.  BF3O(Et)2 was added (160µl) and stirred 
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at room temp for 4hrs.  2,3-Dichloro-5,6-Dicyanobenzoquinone (0.392g, 
1.73mmol) was added to fully oxidize the macrocycle.  The solution was then run 
over a pad of silica gel and which was washed with 1%MeOH in DCM and 
concentrated using reduced pressure evaporation.  The compound was then 
dissolved in DCM (100ml) and washed with an aqueous saturated sodium 
bicarbonate solution.  The organic was dried over Na2SO4 and concentrated using 
reduced pressure evaporation.  Silica gel chromatography (30% hexanes in DCM) 
yielded 75.2mg (9.3%) of 5 as a purple solid.  1H NMR (400 MHz, CDCl3): δ -
2.61 (2H, s, NH), 1.57 (9H, s, (CH3)3), 1.83 (12H, s, CH3), 2.61 (6H, s, CH3), 4.09 
(3H, s, OCH3), 7.27 (4H, s, ArH), 7.92-7.94 (3H, m, ArH), 8.08 (1H, d, J = 2 Hz, 
ArH), 8.28-8.31 (4H, m, ArH), 8.69-8.73 (6H, m, βH), 8.86 (2H, d, J = 4.68 Hz, 




benzoic acid methyl ester (25).  To a solution of 24 (112.8mg, 0.120mmol) in 
Acetic acid (9ml) was added 4,4’-dimethoxybenzil (324mg, 1.20mmol) and 
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Ammonium acetate (494.6mg, 0.643mmol).  The solution was allowed to react at 
75o C for 1 week.  The mixture diluted with DCM (100ml) and was washed with 
aqueous saturated sodium bicarbonate.  The organic was concentrated under 
reduced pressure evaporation which resulted in a purple solid.  Silica gel 
chromatography (4% Toluene in Hexanes) yield 0.0398g (0.036mmol) 30%.  1H 
NMR (400 MHz, CDCl3): δ -2.59 (2H, s, NH), 1.66 (9H, s, (CH3)3), 1.84 (12H, s, 
CH3), 2.62 (6H, s, CH3), 3.73 (3H, s, OCH3), 3.85 (3H, s, OCH3), 4.09 (3H, s, 
OCH3), 6.80 (2H, d, J = 9.2 Hz, ArH), 6.90 (2H, d, J = 9.2 Hz, ArH), 7.30 (2H, d, 
J = 9.2 Hz, ArH), 7.652 (2H, d, J = 9.2 Hz, ArH), 8.14 (1H, d, J = 2 Hz, ArH), 
8.16 (1H, d, J = 2 Hz, ArH), 8.287 (2H, d, J = 8.0 Hz, ArH), 8.314 (2H, d, J = 8.0 
Hz, ArH), 8.39-8.43 (3H, m, βH), 8.70-8.73 (3H, m, βH), 8.88 (2H, m, J = 4.8 





hydroxymethyl (26).  A solution of (25) (39mg, 0.036mmol) in THF (50ml) was 
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stirred in an ice bath under argon.  To which was added an excess amount of 
LAH.  After 20 min, the mixture was diluted with 150 mL of dichloromethane 
was washed with water, followed by aqueous sodium bicarbonate. After drying 
over anhydrous sodium sulfate, the solution was filtered and dried using reduced 
pressure evaporation. Flash silica gel chromatography (30% hexanes in DCM) 
yielded 37mg (85%) of (26) as a yellow solid. %.  1H NMR (400 MHz, CDCl3): δ 
-2.59 (2H, s, NH), 1.66 (9H, s, (CH3)3), 1.84 (12H, s, CH3), 2.62 (6H, s, CH3), 
3.73 (3H, s, OCH3), 3.85 (3H, s, OCH3), 4.35 (2H, s, CH2), 6.80 (2H, d, J = 9.2 
Hz, ArH), 6.90 (2H, d, J = 9.2 Hz, ArH), 7.30 (2H, d, J = 9.2 Hz, ArH), 7.652 
(2H, d, J = 9.2 Hz, ArH), 8.14 (1H, d, J = 2 Hz, ArH), 8.16 (1H, d, J = 2 Hz, 
ArH), 8.287 (2H, d, J = 8.0 Hz, ArH), 8.314 (2H, d, J = 8.0 Hz, ArH), 8.39-8.43 
(3H, m, βH), 8.70-8.73 (3H, m, βH), 8.88 (2H, m, J = 4.8 Hz, βH), 9.19 (1H, s, 
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